. Making a task difficult: Evidence that device-oriented steps are effortful and error-prone.
visual cues, must be highly aggressive to have an effect (Chung & Byrne, 2008; Jones, Gould & Cox, 2012) . Rather than designing an intervention with the aim of mitigating error, we identify on which steps in a task procedure errors are most likely to occur so that these might be designed out of the task procedure in the first place. An example of the potential success for this approach comes from Zimmerman and Bridger (2000) , who found that redesigning ATM machines to return the bank card before the cash is dispensed drastically reduced the number of bank cards that were accidently left behind at ATM machines.
Are some steps in routine procedural tasks more prone to slip errors?
Previous research has shown that people are systematically more likely to make errors on certain steps in a task procedure than others (e.g., postcompletion errors, initialisation errors, and mode errors). We review these commonly observed errors and consider whether there is a common underlying reason for their occurrence.
A postcompletion error (Byrne & Bovair, 1997) , sometimes referred to as a termination error (Thimbleby, 1990) or an omitted secondary sub-goal (Young, 1994) , is an error that occurs at the end of a task procedure. Typical examples include forgetting to collect the master copy from a photocopier machine after making a set of copies, or forgetting to collect change after using a vending machine. They occur on a step that is required by the device after the user has completed the main task goal. It is generally assumed that the completion of the goal (e.g., obtaining the copied document or receiving the drink from the vending machine) acts as a false completion signal to the user, suggesting that there are no more actions to complete.
The unselected window problem (USW) (e.g., Reichman 1986; Rieman, Byrne & Polson 1994) , in which computer users forget to select a window before attempting to interact with it, is also a well-recognised problem in the HCI literature on human error. Young (1994, p.10 In fact, the USW error can, perhaps more convincingly, be conceived of as an initialisation error (i.e. an error that occurs when a user fails to perform a step required at the beginning of a procedure), as reselecting the original window can be considered to be the first step required for achieving the subgoal of entering the information into the window. In a similar way, mode errors (e.g., Sellen, Kurtenback & Buxton 1990) , in which users forget to change a system to the correct mode before interacting with it, can also be thought of as a form of initialisation error.
A number of studies have been designed to examine these errors. For instance, Gray (2000) had participants program a VCR and found that almost 50% of the errors made by participants were either mode or postcompletion errors. Such errors are also found in experimental tasks used in human error research. Li, Blandford, Cairns and Young (2008) and Hiltz, Back and Blandford (2010) commented that participants working on Li's (2006) Doughnut task (a form of routine dataentry task devised for the purposes of studying errors in the laboratory) were more likely to make errors on initialisation and postcompletion steps in the task procedure. So while errors have been documented on a number of steps there is, as yet, little empirical evidence to explain the underlying causes of these errors.
We contend that a contributory factor for some steps in a task procedure being more errorprone than others is that they appear to be less relevant to the achievement of the main goal than others. We define those steps that are more concerned with the operation of the device rather than with achieving the task goal as device-oriented steps. These are steps that are generally specific to a particular device and may not be necessary on all systems. Examples of device-oriented steps include activating a text entry box before entering text, or selecting a window before interacting with it. This contrasts with task-oriented steps, which are steps more concerned with the achievement of the main goal and directly contribute to the completion of the task. Examples of task-oriented steps include entering text into a text box, or placing an original on a copy machine's DEVICE-ORIENTED STEPS ARE EFFORTFUL AND ERROR PRONE 6 glass plate before making copies.
The distinction between device-and task-oriented steps in routine procedural tasks is not new. For instance, Young (1981 Young ( , 1983 ) discusses several different types of mental models, including device and task models. Device models describe knowledge about how a device works (see also Cox & Young, 2000; Kieras & Bovair, 1984) . Young argues if the mapping between the device and task model is simple and straightforward, then the device will be easy to use, because its operation fits with the user's basic understanding of the steps involved in completing the task. In contrast, steps required by the device that do not correspond to the user's task model will be more problematic and difficult to learn. In a similar fashion Kirschenbaum, Gray, Ehret and Miller (1996) make a distinction between 'tool-only' and 'task-tool' steps in which tool-only steps are defined as "operations that have no direct relationship to accomplishing the task" but that are more concerned with "fiddling with the tool" (Kirschenbaum et al., 1996, p203) . These tool-only steps can be thoughts of as device-oriented steps. In contrast, task-tool steps work towards the goal of the task, and as such can be seen as task-oriented steps. Kirschenbaum et al. (1996) hypothesise that the more tool-only steps in a task, the worse the usability of the system, as grappling with using the tool takes the focus of the user's attention and effort away from completing the task. However, neither the account given by Young, nor that of Kirschenbaum et al, is based on empirical evidence.
In summary, a distinction can be made between task-oriented steps, which are steps in a task procedure that contribute directly to the achievement of the user's goal, and device-oriented steps, which are steps in a task procedure that do not directly contribute to the achievement of the user's goal. This distinction has been widely discussed in the literature and there is a common assumption that device-oriented steps should be more problematic because they are idiosyncratic to the particular device being used. There is however limited empirical evidence to directly support this assumption.
Overview of the Experiments
As outlined above there has been a focus in the literature on errors made on initialisation and also postcompletion steps. It can be argued that these steps are instances of device-oriented steps because neither of them contributes directly to the user's main goal (i.e., the postcompletion step is by definition a task step executed after the achievement of the main goal). One of the hypotheses that we sought to test in this paper is that device-oriented steps may be the primary cause of many systematic slip errors in the execution of routine procedural tasks of the type discussed above.
To the best of our knowledge, only two studies have aimed to directly investigate whether device-oriented steps are more error-prone than task-oriented steps (Ament, Blandford & Cox, 2009; Ament, Cox, Blandford & Brumby, 2010) . In experiments using Li's (2006) Doughnut task,
Ament et al. demonstrate that there are higher error-rates on device-oriented steps. However, these studies are limited in that they did not control for features of the interface or the prior experience that participants had with the task domain. It is possible that the design of the interface elements of the Doughnut task may influence its difficulty. Furthermore, these studies did not control for the prior experience of participants in the domain of the task, which could influence error rates on particular steps. It is likely that participants had a prior mental model of the steps required to perform the Doughnut task. That is, even though the participants had almost certainly never used the specific doughnut machine before, they may well have a basic understanding of how doughnuts are made and the steps involved in the task procedure.
We report two experiments that investigate whether there are performance differences between device-and task-oriented steps. To overcome some of the limitations of previous work described above, we developed a novel procedural task, which we refer to as the Frankenstein task.
The Frankenstein task required participants to either make or destroy monsters (see Figure 1 for a screenshot). Regardless of the cover story given to participants, the same task procedure was used to achieve both of these tasks (see Table 1 for a description). However, the relevance of a given step in the task procedure varied depending on whether the participant was making or destroying monsters. In this way, we were able to have the same step in the task procedure play either a deviceor a task-oriented role. For instance, a particular button serves to activate a widget in one condition (not relevant to the task goal, so device-oriented) while in the other condition the same button removes a body part from the monster (directly relevant to the goal, so task-oriented). There are 10 such target steps in the task procedure, along with fourteen additional filler steps (see table 1 ). The aim of this manipulation was to find out whether device-oriented steps would be more effortful and error-prone than task-oriented steps, even though the task and interface remain essentially unchanged.
The Frankenstein task has a number of benefits. First, it allows us to study whether deviceoriented steps are more prone to errors than task-oriented ones, while controlling for confounding factors such as differences in the task interface and task sequence. This is achieved by using the same interaction element for both device-and task-oriented steps. In addition, the same task sequence is used across conditions and only the meaning ascribed to each of these task steps is varied between conditions. Second, this task allows us to determine whether errors are due to a difference in goal relevance, or to some steps being more practised than others. It is thought that very few participants will have prior experience in making or destroying monsters (because it is not modelled on a naturalistic task, such as making doughnuts or programming a VCR). As such, we assume that participants will be naïve as to how to perform the Frankenstein task and so will have to learn the steps involved, and that the rate of learning will be equal across these steps. Moreover, training for both conditions is the same, ensuring that both steps in a pair are equally well learnt between conditions. Third, a general issue across a number of studies that have investigated errors in the execution of procedural tasks is that timing data was not reported. For instance, Li's (2006) Doughnut Task did not record any time event data, meaning that we do not know whether participants took more time to execute error-prone steps in the task procedure. In developing the Frankenstein task we wanted to allow for the investigation of step completion time by controlling for the position of steps on the interface as an influencing factor in the time taken to complete steps.
Given the above task setup, we first consider whether error rates on device-oriented steps are higher than those on task-oriented steps when novelty of task and interface features are held stable.
In addition, we also explore the cause of these errors. Our hypothesis is that the difference between device-and task-oriented steps is a distinction in the way that tasks are organised in memory. In particular, we argue that because device-oriented steps do not directly contribute to the user's primary goal, they are more weakly represented in memory (either through weaker encoding or through less frequent rehearsal in memory). Building on Altmann and Trafton (2002) memory for goals theory, we might therefore assume that if this is the case, these weaker memory representations are more difficult to retrieve, and so people forget to execute these task steps.
Moreover, the time taken to execute a step is related to the strength of representation in memory:
the weaker the representation of the step in memory, the longer it takes for a step to be retrieved (see Altmann & Trafton, 2002) . It therefore follows that it should take longer to execute a deviceoriented step than a task-oriented step assuming they are equated for motor execution difficulty.
Given the expected role of memory in mediating the likelihood of error, we expect that a manipulation of working memory load should differentially impact performance on the two types of step, as found by Ament et al. (2010) . High working memory load conditions make temporary memory failure more likely, potentially increasing the error rate on both step types (as in Byrne & Bovair, 1997) . However, if the memory representations of device-oriented steps are weaker than those of task-oriented steps, then we would expect that participants will make more device-oriented errors when they are under high working memory load. In contrast, we expect that the level of working memory demand imposed by the secondary task will not affect the ability to retrieve and execute task-oriented steps.
In summary, the first experiment reported here investigates whether error rates and step times differ on task-oriented and device-oriented steps. The second experiment extends this by considering whether working memory load differentially impacts performance on these different types of steps. We conclude by discussing the implications of these results and whether it is wise for designers to strive to remove device-oriented steps from task procedures to prevent errors.
Experiment 1 Method
Participants. Thirty-two participants (twenty-one female) took part in the experiment i.e. sixteen participants in each of the two between-subjects groups. All were students at UCL, and they were paid £7 for their time and effort. They were aged between 18 and 30 (average 20.6 years).
Materials.
The procedure for the Frankenstein task consists of 24 steps. Of these task steps, there are 12 target steps (two of these are repeated twice), which play either a device-or taskoriented role dependent on whether monsters are being made or destroyed. The remaining task steps are fillers and play a consistent role across both conditions. Table 1 shows an overview of the target steps for both conditions, indicating which are device-and which are task-oriented.
A pilot study was conducted to ensure the validity of the classifications of steps as deviceand task-oriented. Two independent expert raters (researchers with a track record of publications in this area) and two novice raters (researchers with no prior experience in this area) assessed the classification of steps into device-and task-oriented. We used both novice and expert raters in order to control for prior familiarity with the concepts of device-and task-oriented steps. Raters were given the definition of device-and task-oriented steps, along with a number of examples and a list of common characteristics of the two types of steps. Each rater was tested on a number of 'classic' steps to determine whether they had accurately understood the definitions. Raters were 100% accurate in classifying these classic steps and were therefore allowed to begin the rating procedure.
Inter-rater reliability using Cohen's κ statistic was used to measure their agreement. It was found that agreement was substantial on both conditions: κ values were 0.78 and 0.80 for the experts, and 0.59 and 0.60 for the novices (all significant at p < 0.05). This means that the classifications used in this experiment are reliable and can be used with confidence. For a more detailed discussion of this pilot study, see Ament (2011b) .
Building on the work of Byrne and Bovair (1997) , a monitoring task was added to ensure that error rates were at a measurable level. A variant of the well-known n-back task (Kirchner, 1958) was used for this purpose, for two reasons. First, this was highly similar to the working memory loading task used by Byrne and Bovair (1997) , though using digits rather than letters.
Second, the task is auditory and verbal, and therefore does not directly interfere with the primary task. Digits were read out to participants by the computer at a rate of one digit every three seconds, and they were asked to remember the last three digits at any point in time. A beep sounded after random intervals of between 3-10 digits, indicating that participants had to repeat the last three digits out loud. Participants carried out the Frankenstein task and the monitoring task concurrently.
The Frankenstein task was presented on two adjacent computer screens, attached to the same terminal. Both screens operated at a resolution of 1280x1024; the screen on the left showed the Locator (used for steps 1-5), while the one on the right showed the main Frankenstein task interface (used for steps 6-24). Participants used a mouse to interact with the task, and could move the cursor freely between the two screens. A Tobii X60 eye-tracker was used to record eye movement data; however, this is not reported in this paper.
Design. A mixed design was used. The first independent variable was the role that a step played in the task procedure: device-oriented or task-oriented. This was varied as a within-subjects factor. The second independent variable was the 'create/destroy' condition, which was varied between participants. It had two levels, 'create monster', and 'destroy monster', which are mirror images of one another. That is, if step X is device-oriented in one condition, it is task-oriented in the other, and vice versa. Note that the overall task condition is a dummy variable, as it is used purely for experimental design purposes and has no theoretical meaning. As such, the two levels will further be referred to as 'condition 1' and 'condition 2'. Table  1 indicates which steps are deviceand task-oriented in each condition and demonstrates that the target steps measured in the experiment were interspersed throughout the task procedure. In addition, trial number was included as a within-subjects variable, to test whether participants improved with practice.
Measures. Data from only the target steps was measured, as the remaining steps were not manipulated in terms of their relevance to the task goal. Two measures were included. First, the number of slip errors on the target steps was recorded. Errors were counted systematically according to the required steps. A slip error is defined as any action that deviates from the required action at a certain step. To ensure only inappropriate actions are counted and not each individual inappropriate mouse-click, only one error could be made on each step. Second, the step time for each step was recorded. The step time is defined as the time from the successful execution of the previous step until the next meaningful mouse-click (i.e. a click on a button or other interaction element on the Frankenstein task, excluding 'repeat' clicks or drags on sliders or multiple clicks on a drop down menu).
Procedure. Each participant carried out the task individually. First, they read an information sheet explaining the monitoring task. Each participant then practised this task by itself, to ensure they had understood the instructions and were able to do the task. Each participant completed three practice runs.
Second, participants viewed a short computer animation that explained the story behind the
Frankenstein task and what their task was. They then read the detailed on-screen instructions on how to use the interface to complete their task. Participants were asked to complete the task as quickly and accurately as possible.
After reading the instructions, participants observed the experimenter complete one trial of the task. They were then allowed to explore the task interface without the monitoring task for one trial. After this, participants practised the main task with the monitoring task. If an error was made during training, it was pointed out immediately with a sound and a pop-up screen that explained what had gone wrong and what the participant should do instead. All errors had to be corrected before the task could be resumed. This level of training is similar to that of Back, Blandford and Curzon (2007) who investigated errors in routine performance and whose experimental participants only executed a small number of training trials. Similarly, Gray's (2000) participants only executed five training trials (plus two familiarization trials), though he claimed to test performance at the beginning of Anderson's (1995) third stage of expertise. To ensure that training had been effective, participants in our study had to complete 3 trials without errors before they were allowed to carry on with the experimental phase.
After training was finished, the eye tracker was calibrated and started before participants completed 11 experimental trials. Errors were pointed out with a sound, but no pop-ups with hints were shown. Again, all errors had to be corrected before participants could resume the task. After completing the experiment, participants were debriefed about the purpose of the experiment.
Results
Error Rates. A total of 218 errors were made on target steps during the experiment. Given a total opportunity for error of 32 participants x 11 trials x 12 target steps = 4224, the overall error rate is 5.16%. Table 2 shows the average overall error rates and standard deviations for task-and device-oriented steps. A 2 x 2 x 11 mixed-design ANOVA was done. The task condition (1 or 2) was the between-subjects variable, while type of step and trial number were within-subject variables.
The latter was included to test whether participants were effectively trained before starting the experimental phase. The ANOVA revealed a significant main effect of the type of step, F(1, 30) = 9.67, p = 0.004, η p 2 = 0.25, indicating that error rates were higher at device-oriented than at taskoriented steps. There was no significant main effect of task condition, p = 0.90, nor of trial number, p = 0.60. Also, no interactions between any of the variables were found (type of step x condition: p = 0.43, trial number x condition: p = 0.94, type of step x trial number: p = 0.18 and type of step x condition x trial number: p = 0.09. Figure 2 shows a further breakdown of the average error rates for each individual target step.
As the figure illustrates, there is a trend towards high error rates on individual device-oriented steps;
however, a one-way ANOVA comparing the device-and task-oriented versions of each step shows that this effect was significant only for step 3, F(1, 31) = 6.59, p = 0.015, η p 2 = 0.18.
Step Times.
Step times were also investigated. As outlined above, this was defined as the time from the successful execution of a previous step until the next meaningful mouse-click. We only include correct cases in this analysis because we assume that errors would reflect longer intervals.. Due to a programming error, the step time on the device-oriented version of step 4 (deactivating the slider) was not accurately recorded; data from this step are excluded (this error only affected the current experiment and was resolved for the second). The data were inspected for outliers, because extremely long step times may not reflect the time it takes for a goal to gain sufficient activation; it is likely that other processes are at work in these cases (e.g. distraction, daydreaming). The outliers were identified in the raw step time data (before averaging), to prevent having to exclude a participant for a single long step time. An outlier was identified as a data point that was more than 3 standard deviations removed from the grand mean. Four such outliers were found, each with a step time of more than 25 seconds; these were removed from the data set. The mean step times were then computed for each participant. Table 3 shows an overview of the mean step times for device-and task-oriented steps. A 2 x 2 x 11 mixed-design ANOVA was conducted, where task condition was the between-subjects variable and all others were withinsubjects variables. There was a significant main effect of type of step, F(1, 30) = 47.267, p < 0.001, 
Discussion
The current study investigated whether device-and task-oriented steps differ in terms of their error rates and step times. An experiment that manipulated the type of steps, while controlling for other factors, provided data in support of the hypotheses.
First, it was found that the error rates were significantly higher when steps in the task procedure played a device-oriented role than when they played a task-oriented role. This indicates that the difference between these steps is robust. Moreover, it provides support for the hypothesis that this is due to differences in the relevance of steps to the task goal: the difference in error rates persisted despite all steps being equally well learnt.
Second, the results showed that step times were longer on device-oriented steps. This held even though the task interface was kept the same for each device-and task-oriented step pair. This finding indicates that device-oriented steps really are more difficult to remember. As Li et al. (2008) argue, they may rely on more deliberate mechanisms to be remembered.
While no significant effect of trial number on error rates was found, there was an effect of trial number on step times. This suggests that there was a small learning effect in the data. We interpret this as participants being effectively trained (i.e. the errors are not due to insufficient training), although they have not yet reached asymptote in relation to speed of performance.
Overall, the behavioural findings support the hypothesis that device-oriented steps are more problematic than task-oriented steps, and that this is due to their relevance to the task goal rather than them being less well learnt.
This study addressed two of the three predictions set out in the introduction (i.e., that device-oriented steps will be more error prone and have longer step times than task-oriented steps). The third prediction, that working memory load has a disproportionate effect on device-oriented steps, is addressed in the following experiment.
Experiment 2
This study replicates experiment 1 and provides an extension by looking at the effect of working memory load on device-and task-oriented steps. In their study of postcompletion errors, Byrne and Bovair (1997) found that a high working memory load (accomplished by asking participants to keep track of the last three digits read out to them) significantly increased postcompletion error rates, though only in individuals with a relatively low working memory capacity. Byrne and Bovair (1997) explain their findings in terms of the competition between goals in memory. A high working memory load means that there are more goals in memory that compete with the target goal. This makes it more difficult for the target goal to be remembered.
Postcompletion errors occur because, after completion of the main goal, the postcompletion subgoal is no longer being primed by the main goal (since it has been completed), and as such is quickly forgotten. This occasionally leads to an error. We have argued above that a postcompletion step is a special case of device-oriented step. If this is the case, we might therefore expect Byrne and
Bovair's findings that working memory load influences error rate to generalise beyond the postcompletion error to all device-oriented steps. Ament et al. (2010) took a similar approach to Byrne and Bovair, by varying working memory load on the Doughnut task, finding that error rates on device-oriented steps were affected much more than those on task-oriented steps. However, this study did not investigate other important measures, such as step completion time. Moreover, direct comparison of device-and task-oriented steps is problematic in the Doughnut task because it does not control for step difficulty, visual salience of the interface items and task sequence. The current experiment sought to address these concerns by using the Frankenstein task to investigate the effect of working memory load. The experiment investigates the differential effect of working memory load on device-and task-oriented steps, by looking at error rates and step times. It is expected that working memory load will have a disproportionate effect on device-oriented steps, increasing the number of errors and step times.
Method
Participants. Fifty-two new participants (thirty-three female) took part in the study i.e.
thirteen participants in each of the four between-subjects groups. They were aged between 18 and 25 years old, with a mean age of 20.3. All participants were students at UCL, and were paid £7 for their time.
Materials. The same Frankenstein task as in experiment 1 was used. The same secondary task was also used, with an additional manipulation that allowed for the variation of working memory load. In the high load condition, participants were asked to repeat the last three digits when the beep sounded, whereas in the low load condition, participants repeated only the last digit. These numbers were determined during a pilot study, which revealed that three digits was the maximum number that participants could reasonably remember without significant deterioration of performance. Note that the high load condition was the same as experiment 1.
Design.
A mixed design was used. The first independent variable was working memory load.
This was varied between participants, and had two levels: high and low. The second independent variable was the type of step, which was varied within participants, and also had two levels: deviceoriented and task-oriented. In addition, the dummy variable of task condition was varied between participants, and had two levels: 1 (create monsters) and 2 (destroy monsters). As in the previous experiment, trial number was included as a within-participants variable. Moreover, participants' prior ability to perform a n-back task (described below) was included as a variable, for which participants were divided into a high and a low ability group, based on median split.
Measures.
As in the previous study, the main measures were error rates and step times.
Procedure. Prior to starting the experiment, all participants completed a brief assessment of their ability to do an n-back task in order to rule out individual differences in ability to perform such a monitoring task as an explanation for the predicted findings. A visual variant on the n-back task was used for this. A sequence of virtual objects was shown to participants, and for each they were asked to indicate whether it was the same object as the one they saw n objects ago. Each sequence consisted of 30 + n objects, and participants completed 5 sequences, up to 5-back.
After completing the visual n-back task, the main part of the experiment started. The procedure was identical to that in the previous experiment.
Results
The main dependent variables were error rate and step times. It was expected that working memory load would have a greater influence on the performance of device-oriented steps than taskoriented steps. Data from 52 participants was recorded. Two participants failed to execute the secondary task accurately (one ignored the instructions and the other responded incorrectly on more than 25% of trials); these were excluded from analysis because the contribution to working memory load from the secondary task could not be guaranteed.
Performance on n-back task. The average score on the visual n-back test was 81% (SD 10%, range 51-96%). No differences were found between the high and low load groups (p = 0.102) or between the task conditions (p = 0.56).
Error Rates. A total of 385 errors were made during the experiment. Given a total opportunity for error of 50 participants x 11 trials x 12 target steps = 6600, the overall error rate is 5.83%. Figure 3 shows the error rates on device-and task-oriented steps under low and high working memory load. Comparing experiment 1 with the high-load condition of experiment 2, there was no significant difference, Z = 1.327, p = 0.059.
A mixed-design ANOVA was conducted, with the type of step and trial number as the within-subjects variables. Working memory load, task condition and prior performance on the working memory loadn-back task were the between-subjects variables. This resulted in a 2 x 11 x 2 x 2 x 2 design. This revealed a significant main effect of the type of step, with device-oriented steps giving rise to higher error rates than task-oriented steps, F(1, 41) = 26.09, p < 0.001, η p 2 = 0.39.
There was also a significant main effect of working memory load, F(1, 41) = 12.56, p = 0.001, η p 2 = 0.23, with higher error rates under a high load. Moreover, there was a significant interaction between the two dimensions, F(1, 41) = 6.77, p = 0.013, η p 2 = 0.14. Simple effects analysis showed that under low load, there was no difference in error rates between device-and task-oriented steps, p = 0.073. However, under high load, device-oriented steps gave rise to higher error rates than task- Step Times. Similar effects of working memory load and type of step were found on the step time data. 
Discussion
The current study investigated the effect of working memory load on device-and taskoriented steps. It was hypothesised that a high working memory load would have a disproportionate effect on device-oriented steps, leading to a larger increase in error rate and step time than on taskoriented steps. The results of the study support these predictions, in that, error rates were higher on device-oriented steps, and an interaction between the type of step and working memory load was also found. This indicates that the working memory load manipulation had a larger effect on deviceoriented steps than on task-oriented steps. A highly similar pattern was found for step time data, with device-oriented steps taking longer than task-oriented ones. There was also an interaction between step type and working memory load. This interaction shows that while there was a difference between high and low working memory load for both device-and task-oriented steps, the effect of working memory load was more pronounced for device-oriented steps. Again, this
indicates that working memory load had a stronger effect on device-oriented steps.
In contrast to experiment 1, a small learning effect was found on both error rates and step times. This means that a proportion of the errors made and longer step times might be explained by participants still learning the task. However, since the effect sizes were small, this is unlikely to play a major role in the current results. Nevertheless, in future experiments, it may be beneficial to increase the length of the training phase, or use a different indicator to determine whether participants have been effectively trained.
The monitoring task used to vary working memory load was highly similar to the one used by Byrne and Bovair (1997) . They found that a high load (accomplished by asking participants to repeat the last three digits read out to them) significantly increased postcompletion error rates, though only in individuals with a relatively low working memory capacity. This is in line with the findings of the current study, which shows that these results also extend to slip errors beyond the postcompletion error. A difference is that the current study found an effect of working memory load in all participants, not only those who performed better on the initial test of ability to perform well in the secondary task.
General Discussion
Errors made in the completion of routine procedural tasks are infrequent but persistent.
Some steps in a procedure, such as mode and postcompletion steps, are known to be more error prone than others. We argue that these steps are special cases of a broader category of steps we call device-oriented steps. Our results show that error rates were higher and step times were longer on device-oriented steps than on task-oriented ones. This occurred irrespective of interface factors, such as the size of, and distances between, interaction elements. In addition, working memory load was found to affect device-oriented steps more severely than task-oriented ones. As such, the current work demonstrates that when working memory load is increased those steps that do not contribute to the task goal suffer most.
An important issue is why device-oriented steps should be more error prone than taskoriented steps. We hypothesise that it is because they are more weakly represented in memory. One possible explanation for the weaker representations that we can immediately rule out is that deviceoriented steps were in some way less well learnt than the task-oriented steps. This is because the Frankenstein task consists of two equally well-learnt procedures, while only the type of step was manipulated. Yet the difference in error rates persisted. While this does not rule out that a learning effect plays a role in tasks performed in other settings or contexts, it is not the main cause of the differences found between device-and task-oriented steps in the experiments reported here.
An alternative explanation then is that it is a consequence of how knowledge of the task and the device is represented in memory. In the introduction we outlined two types of mental model:
task models that describe knowledge concerning how to do a task, and device models that describe knowledge about how to operate a particular system or interface. The discrepancy between the two mental models (as discussed by Young, 1981 , for instance) forms the basis of the explanation
proposed. The task model represents all the steps that provide a direct contribution towards the goal.
The device model, on the other hand, represents all the steps necessary to operate the device. This means that those steps that are represented only in the device model will be more weakly represented in memory than those steps that are present in both models. As a result device-oriented steps are not adequately primed in memory and it is this that leads to the increase in errors and slower step times observed here.
Finally, we give some consideration to the generalizability of our findings to different settings and tasks, and their practical implications. First, the knowledge gained from the studies reported here can be used to mitigate errors in routine procedural tasks. Specifically, the findings suggest that steps that are less relevant to the task goal are inherently problematic, and should therefore be avoided as far as possible in the design of task procedures. Moreover, the results demonstrated that this is especially the case in environments in which operators are subject to a high working memory load. Devices that are operated in busy environments in which people must keep track of multiple plans and activities should, where possible, be free of device-oriented steps.
Future Research
Future research should investigate whether designing out steps is indeed effective in reducing errors. There is some experimental evidence that this approach can be extremely effective for the postcompletion error. Byrne and Davis (2006) found a complete elimination of postcompletion errors when the task structure was resolved.
An important consideration is when and how device-oriented steps can be designed out.
Many different constraints affect the design of devices, and it is not feasible to eliminate all deviceoriented steps. In this case, it is important to also investigate how errors on these steps can be mitigated. One approach would be to use just-in-time cues to remind users to perform a required step. Indeed, these have been shown to be effective in mitigating postcompletion errors in circumstances where it is possible to predict the next step reliably (Chung & Byrne, 2008; Ratwani et al., 2008) . Another approach could be to use forcing functions on device-oriented steps in order to prevent the user from progressing within the task sequence until the device-oriented step had been completed. This approach can be used when the user has to make a choice between modes of operation of a device (if modes cannot be avoided). Rather than trying to minimise the chance of error, other approaches might attempt to mitigate the effects of an error. For example, measures that involve adjusting the task context (such as placing a system in a secure environment), or reallocating device-oriented steps to the device rather than to the user (so that user is logged out automatically after a period of inactivity), could minimise the risk of unauthorised use in the case of a user forgetting to log out (see Blandford 2000 for further discussion). Future work should investigate whether these approaches can be effectively implemented across a range of deviceoriented steps.
Limitations
A final issue that should be discussed concerns the level of training that our participants had in working on the Frankenstein task. The current work is concerned with routine procedural tasks.
This implies that the person doing the task is relatively well practiced at it and can perform it to a reasonable level of competence. In our experiments we aimed to train participants up to a level of competence at the task given the limited time for training that was available. To test whether this issue affected performance on the Frankenstein task, the current work investigated participants'
performance over the course of the experiment. We might expect that with practice, participants would make fewer errors but at some point their performance would become stable. A similar approach was taken by Byrne and Bovair (1997) , who compared error rates over consecutive trials to assess whether participants had acquired sufficient skill. This was also done in the current work, which revealed a small learning effect on errors and step times. Therefore, it cannot be ruled out that participants were still perfecting their skills while executing the experiment. Monk (1986) has argued that it might not always be necessary or even desirable to train participants very extensively. Experimental tasks are generally far simpler than those involved in operating complex systems such as an airplane cockpit or nuclear power plant control room. Monk (1986) argued that, for his experimental task, much less training was needed for participants to reach a level of expertise comparable to that of, for instance, nuclear operators. While this argument may not apply to simpler safety-critical equipment such as infusion pumps used in hospitals, it highlights the importance of properly defining the required expertise level.
Conclusion
In conclusion, errors in routine procedures do not occur at random: they are more frequent on some steps in a task than on others. The results of the current work provide support for the argument that devices should allow users to focus on managing the mission, not the machine, by designing devices with as few device-oriented steps as possible, particularly in situations with a high working memory load. Note. The second column shows the total number of errors made for each step, and the opportunity for error. The third column shows the average error rate and standard deviation for each step. Step times for the different trial numbers. The diagonal numbers on the X axis denote the significant differences (e.g. trial 2 has a significantly longer step time than trials 9 and 10). Error bars represent the standard error of the mean.
